Nanoscale zerovalent iron (NZVI), promising for in situ degradation of many environmental contaminants, has been shown to aggregate reducing reactivity and mobility. Aggregation is attributed to the magnetic attractive forces between particles. In this study an alternating gradient force magnetometer (AGFM) is used to measure magnetic properties of NZVI. The magnetization curve is modeled according to the Langevin theory, evidencing a non-superparamagnetic nature of the particles. The measured ratio of remanent and saturation magnetization, 0.16, excludes the possibility of the dispersion being composed of Stoner-Wohlfarth (SW) type structures, probably due to the aggregated state of the particles at the measurement time. An extension of the Stoner-Wohlfarth model is therefore adopted to keep into account particle interaction and domain nucleation and found to be suitable for the system. Extended Derjaguin-Landau-Verwey-Overbeek (DLVO) model is applied to experimental data, under the hypothesis that primary particles behave according to the SW model, proving magnetic attraction to prevail on electrostatic repulsion.
INTRODUCTION
In the context of groundwater remediation, the use of zero-valent metals has been shown to be promising for the degradation of a wide range of contaminants. In particular, granular iron filings in permeable reactive barriers (PRBs) are a consolidated technology applied on a number of sites. 1 2 In recent years, research is shifting its attention from granular, milli-or micrometric iron to nanoscale zero-valent iron (NZVI), allowing to overcome some of the limitations of PRBs, including restriction of treatment to small depths and to the contaminant plume, technical difficulties and construction costs. 3 4 NZVI particles, with size ranging from 1 to 100 nm, are produced either by reduction of Fe 3+ in presence of sodium borohydride (NaBH 4 ) 5 or by reduction of goethite and hematite with hydrogen, as done by Toda Kogyo Corp. (Onoda, Japan). The latter process produces, at a commercial scale, colloidal suspensions of nanoparticles characterized by a core-shell structure, * Author to whom correspondence should be addressed.
with a metallic iron nucleus surrounded by magnetite. The small size of NZVI determines its high specific surface area (SSA), directly influencing its reactivity and degradation rate, which have been proven to be higher by orders of magnitude than those of granular ZVI. [5] [6] [7] [8] Several studies have reported NZVI to act as an effective reducing agent for dechlorination of halogenated organic compounds (HOC), including chlorinated ethenes [5] [6] [7] [8] [9] [10] and polychlorobiphenyls (PCBs), 5 7 8 11 as well as to react with a variety of other contaminants, namely pesticides, 11 polycyclic aromatic hydrocarbons (PAHs), 12 several metal ions. 11 13 NZVI-water slurries can be injected in the subsoil, 9 even at great depths, in order to target directly the contaminant close to the source of contamination. 14 15 Thanks to their small size the nanoparticles should have a great mobility, exploiting the groundwater flow transport, and should remain in suspension for sufficiently long periods of time for remediation to occur. However, recent studies have shown NZVI to be scarcely mobile and stable in subsurface porous media. 9 13-15 Two main reasons seem to be responsible for limited mobility and stability of NZVI in groundwater systems. First, the slurry can be filtered while flowing in the porous media, with consequent attachment and adhesion of the nanoparticles to matrix surfaces. 9 11 15 Second, NZVI particles have been found to have a strong tendency to aggregate in suspension to create primary clusters and subsequently to form network structures, the sizes of which may widely exceed the micron. These flocs, presenting a dendritic configuration, could limit transport by pore plugging and present modified properties with respect to the primary nanoparticles, especially as concerns SSA and reactivity. 8 11 15 16 Reasons for aggregation in a colloidal system are to be found in the balance of repulsive and attractive forces acting between particles. According to the DLVO (Derjaguin, Landau, Verwey and Overbeek) theory, the net force between interacting charged surfaces derives from the combined effect of Van der Waals attraction and the electrostatic double layer repulsion. 15 17 18 Due to the magnetic nature of both Fe 0 and Fe 3 O 4 , NZVI particles are also subjected to attractive magnetic interaction. Magnetic interaction has been stated to be the cause for the abatement of the energy barrier in the inter-particle interaction potential, promoting aggregation. 8 15 Given the importance of magnetic properties in the aggregation of NZVI, which affects its mobility in porous media and its reactivity, the aim of this study is to provide a characterization of the magnetic properties of a NZVI dispersion at room temperature. Due to their size the nanoparticles are expected to be single-domain (SD), in which case existing general models for magnetic behavior of fine particle systems, namely either the superparamagnetic (i.e., Langevin) model or the Stoner and Wohlfarth (SW) model, can be used to describe them. However, the complexity of the system overcomes the simplistic assumptions of the mentioned models and it may prove necessary to integrate the existing models in order to account for interparticle interactions and aggregation. A thorough investigation of the main magnetic characteristics is necessary for the magnetic classification of the system.
In this study, magnetization curves were measured at room temperature with an alternating gradient force magnetometer (AGFM) to obtain the principal magnetic characteristics of a NZVI dispersion, which were compared to literature values 15 and to those reported by the supplier. The obtained curves were analyzed to interpret the particles magnetic behavior by evaluating the suitability of existing general models. The Langevin theory was used to model the experimental curves and the features of the Stoner-Wohlfarth (SW) model were compared to those measured. Finally an extended SW model, including particle interaction and nucleation of magnetic domains with consequent domain wall (DW) displacement, was considered. The DLVO model was applied to the dispersion introducing an additional magnetic term 15 17 calculated with measured magnetic values and this allowed to attribute aggregation of primary NZVI particles to magnetic attractive forces. It is thus clear how the comprehension of magnetic behavior and inter-particle attraction is the first step for the abatement of aggregation phenomena and consequent improvement of the effectiveness of NZVI in contaminated groundwater systems remediation.
THEORETICAL BACKGROUND

Magnetic Behavior Models
Metallic iron and magnetite, the two materials composing the core-shell structure of NZVI particles, belong to the class of ferromagnetic materials. The most evident features of this kind of materials are the shape of their magnetization curve, a hysteresis loop, and the extent of their magnetization. From the hysteresis loop, three main magnetic properties of the ferromagnet can be obtained: the saturation magnetization (M s ), the maximum value reached by magnetization, representing the condition of spontaneous alignment of all magnetic moments at a given temperature; the remanence (M r ), which is the residual magnetization measured when a saturating magnetic field is removed and annulled; and the coercivity (H c ) which represents the field which must be applied to the magnetized material to annul its magnetization. 19 20 M s and M r are defined as magnetic moment per unit volume, but for convenience in this study specific magnetizations defined per unit mass, s and r , were used. They are size independent specimens, while H c , although an intrinsic quantity, manifests a size effect, evident especially in fine particles systems. Larger particles are multi-domain (MD), with domains spontaneously magnetized to the saturation value in different directions, so there is no net average magnetization. Their magnetization curve is a hysteresis loop with H c increasing with particle size reduction. The reason for which ferromagnetic crystals divide into several domains as particle size decreases, is that in this way they reduce the magnetostatic energy they would have if they were a large single domain (SD). At a certain very small diameter (D s ), this energy becomes negligible if compared to energy increase related to DW generation, and SD condition becomes energetically preferable to the MD condition. 19 Below this critical size D s the particles become SD. Single domain particles can behave according to two main models, the superparamagnetic (SP) and the SW model. In SP particles the thermal component prevails in the energy balance thus the particles magnetic moments are strongly subject to thermal agitation and vibrate casually in time. Therefore in these particles there is no favorite or fixed direction of magnetization. In the SW type particles, on the contrary, the direction of magnetic moment in each particle is dictated prevalently by the direction of the anisotropy axis, since anisotropy energy prevails on thermal energy. The magnetic behavior of a fine particle system of the same material, can switch from the SW to the SP behavior according to two parameters. The first is particle size: at constant temperature, if size is reduced, thermal contribution to energy becomes stronger, until below a certain critical size it becomes prevalent with respect to all other components. Below this size the particle system has a SP behavior. The second parameter determinant in the behavior of a SD particle system is temperature. Below a certain critical temperature, called blocking temperature (T B ), thermal energy will be too low to lead to an equilibrium with magnetostatic energy within observation time and to prevail on anisotropic energy. Thus, in this interval, particles become blocked, meaning that their moments remain blocked in a fixed direction (that of magnetic anisotropy).
Above T B , a SD particle system with a fixed size distribution, manifesting superparamagnetism, behaves as a normal paramagnet, except for the higher magnetization values, and may be described using the same models. The classical paramagnetism model is the one proposed by Langevin, valid for a system of non-interacting monodispersed particles with an intrinsic magnetic moment . This model describes the magnetization M as a function of the magnetic field H (Eq. (1)), and the resulting curve ( Fig. 1) is characterized by the absence of hysteresis, thus
Where n is the number of atoms in the considered volume, n corresponds to the condition of total alignment of all atomic moments, in other words to the condition of saturation. 19 20 Below T B , the same stable particle system is in the SW domain. This model describes a system of homogeneously magnetized non-interacting fine SD particles with one main anisotropy axis. The distribution of their anisotropy axes is taken as uniform in space. Under an applied magnetic field, H , the magnetic moment of these particles is oriented in the direction of minimum energy comprised between the field direction and its easy axis. According to this model, the magnetization curve is a hysteresis loop characterized by a remanence which is at least half the value of saturation and H c decreasing with particle size (Fig. 2) . [21] [22] [23] In order to take into account particle aggregation, the classical formulation of the SW model can be extended and thus applied also to mesoscopic regions. Appino (2005) and Appino et al. (2000) extended the model by introducing a probability density function f K (where K is the anisotropy energy density, and K is its average value) for the anisotropy constants. Secondly, in each particle or agglomerate of particles, a new switching rule for the local magnetization was postulated, between the two equilibrium positions described by the classical SW model. 24 25 This magnetization inversion "channel" corresponds to a nucleation of a new magnetic domain and consequent DW displacement within any particle or agglomerate of particles. Finally, the interaction among particles is accounted for by adopting a mean-field approximation. This hypothesis leads to the introduction of a global demagnetizing field:
Being N d and − → M a demagnetizing coefficient and the sample average magnetization, respectively. The effect of − → H d is a large distortion of the sample hysteresis loop when the effective field
The occurrence of DW assisted magnetization reversals (nucleation of new domains, or DW displacement) can be quantified by means of the parameter r (0 ≤ r ≤ 1), called cut coefficient. For r = 1, the local magnetization is able to invert its direction through reversible or irreversible rotations only. As r decreases, nucleation and DW movement become increasingly important in inverting the sample magnetization. In the extended SW model, r is included by introducing in the so called astroid model a truncation which accounts for the Barkhausen jumps or for domain nucleation.
24-26
DLVO Extended Model
Stability of colloidal systems is conventionally described by the DLVO model, which uses the Van der Waals attractive potential (V VdW ) and the electrostatic double layer repulsion potential (V ES ) for the description of single particle-particle interactions. 15 17 18 27 The V VdW can be expressed by Eq. (3), which keeps into account the retardation effect related to the electromagnetic character of dispersion forces.
Where A is the Hamaker constant; a (m) is the radius of particles; s (m) is the distance between the surface of two interacting particles; (m) is the characteristic wavelength of the interaction between particles assumed to be equal to 1 × 10 −7 m. For identical particles, according to Gregory's equation and applying the linear superposition approximation 18 the V ES can be expressed as follows:
Where r is the relative dielectric constant of the liquid, 78.5 for water; 0 is the permittivity of the vacuum, 8 9 · 10 −12 C 2 m −2 N −1 ; is the zeta potential; is a dimensionless function of the surface potential; is the inverse Debye length.
In the case of a colloidal dispersion of magnetic particles, the DLVO model needs to be integrated by considering also magnetic interactions. The magnetic interaction potential between two magnetic dipoles, thus valid for SD particles is given by Eq. (5): 17 28 29 
Where m 1 , m 2 are the magnetic dipole moments; d is the distance between the dipoles; 0 is the magnetic permeability in the vacuum, 4 · 10 −7 Tm/A. For m 1 = m 2 = m, and a head-to-tail disposition of magnetic dipoles, Eq. (6) can be obtained: 15 17 
3. MATERIALS AND METHODS
Commercial Iron Nanoparticle Dispersions
Commercial bare reactive nano-iron particles (RNIP-10DS) dispersion was provided by Toda Kogyo Corp.
(Onoda, Japan). Details about physical and chemical properties, as well as about synthesis procedure can be found in other studies. 10 16 30 Samples submitted to magnetic measurements were prepared with RNIP-10DS as received.
All measurements were conducted at room temperature (298 K), the pH of the dispersion was 10.4 and the solid content of the samples was measured by filtration to be 31.8% wt.
Magnetic Measurements and Samples Preparation
An AGFM (Princeton Measurements Corp., Micromag 2900) was used for performing magnetization measurements on the samples. It was used to measure hysteresis loops of magnetic moment (emu) as a function of magnetic field (Oe). The conditioning field cycled from 18000 Oe to −18000 Oe and back to 18000 Oe with an incremental measurement step of 50 Oe. In order to obtain a magnetization (emu/g), rather than magnetic moment (emu), measurement, the magnetic data was divided by the mass of solid material contained in each sample. Very small quantities (order of 1 to 3 mg) of RNIP-10DS dispersion were injected into capillary tubes, internal diameter 1 mm, 3 to 4 mm long, capped with wax, for magnetization measurements. The preparation of the bare as received RNIP-10DS samples was preceded by a 10 minute ultrasonication of a small amount of approximately 2 ml, of the stock solution, in order to break up the largest aggregates formed during storage. The mass of injected material was weighted and solid content was calculated on the basis of solid concentration. Measurements were performed on 20 nominally identical samples of bare RNIP-10DS as received, to evaluate the error on a statistically relevant number of samples.
RESULTS AND DISCUSSION
Magnetic Parameters Measured for Bare RNIP-10DS as Received Samples
Magnetization parameters obtained from AGFM measurements are listed in Table I , and a representative magnetization curve can be seen in Figure 3 . Values measured by Toda Kogyo Corp. (data supplied by the provider) and are also listed, for comparison purposes. Phenrat's saturation magnetization was converted from emu/cm 3 to emu/g by using a particle density of 5.5 g/cm 3 , given a 14.3% Fe 0 and 85.7% Fe 3 O 4 composition. 15 Phenrat's measurements were performed on RNIP-10DS samples at 3 g/L (approx 100 times lower than our samples) in a 1 mM NaHCO 3 solution, while Toda Kogyo Corp. used dry samples. The near 25% error on our magnetization values is attributable to the high solid concentration of the RNIP-10DS samples (31.8%), bound not to be uniform, especially in very small samples as are those used for AGFM measurements. Although the use of very dilute RNIP-10DS dispersions, as in , should enable a better control of solid concentration and reduce magnetic measurement errors, an estimate The average s of our sample is lower than the s for bulk magnetite, leading to think that with age, magnetite was not the only iron oxide to form, but most probably also a non-ferromagnetic oxide, such as hematite, was generated on the particles shell.
The presence of an iron oxide shell in the RNIP-10DS samples, responsible for a reduction of magnetization, reduces magnetic attraction forces but does not annul them. Even in the hypothesis that the shell were completely constituted of a non-magnetic oxide, the attraction between the Fe 0 cores would not be screened. Moreover, Fe 0 oxidation, which is tightly related to aging processes, is responsible for a reduction in reactivity of the nanoparticles, thus affects negatively their effectiveness in degrading contaminants.
As well as s , also the values of coercivity are lower in our and Phenrat's measurements than those provided by Toda Kogyo Corp. The value of H c in fine particle systems is related to two properties of the system. First, as previously reported, H c is a function of particle size. Under this assumption, being as though the Toda measurements are bound to have been performed on freshly prepared particles, it is probable that aggregation had yet to occur and therefore particle radius was still uniformly nano-metric and surely single domain. On the contrary, our RNIP-10DS had already undertaken aggregation processes at the time of the measurements, so average particle size, undoubtedly bigger, may not have been in the single domain range. Second, H c is a function of the extent of particle interaction: in conditions of strongly interacting particles the magnetic moment of the system will be generated also by the coupling of neighboring particles, leading to a greater resilience to de-magnetization, thus H c will be higher. Particles of our sample, due to age, have a higher fraction of oxidized and less magnetic materials if compared to freshly prepared RNIP-10DS, and are, thus, less interacting.
Although at a first view interaction reduction may be considered a sufficiently advantageous counterpart for the loss of reactivity related to Fe 0 oxidation, it is not enough to avoid attraction. Therefore, a MD condition with reduced magnetic attraction is not preferable to a SD status of strongly interacting Fe 0 particles, since it is not immune to aggregation phenomena and is characterized by a diminished reactivity and contaminant degradation capacity.
Suitability of Fine Particle Systems Magnetic Models for the Description of Experimental Data
The boundary between single-and multi domain in fine particle systems as RNIP-10DS dispersions is complex due to the fact that particles are composed of at least two materials, iron and magnetite, with different magnetic properties and that the tendency of particles to aggregate broadens considerably the range of their size, leading to a system probably composed of both single and multidomain particles.
As the RNIP-10DS particles are synthesized with an average radius of 20 nm, 16 30 it is reasonable to think that the primary particles are SD, although from the sole dimension it is impossible to determine whether they behave as SP or SW. However, a preliminary thought can already exclude with almost complete certainty that they are SP particles, although the very narrow hysteresis loops measured for the RNIP-10DS samples ( r / s = 0 163, H c = 169 8 Oe) would at first sight address towards a quasi-SP behavior.
Within a SP system, dipole moment has no preference for a particular orientation due to free rotation of the magnetic moment by thermal agitation, thus the magnetic interaction, which has a directional character, is strongly reduced. 28 Moreover, casual vibration of particles magnetic moments is characterized by a frequency higher by orders of magnitude than that of particle interaction of dipolar nature. Consequently in a SP system it is hardly possible for particles to interact in such a way for aggregation to happen, since thermal agitation has a disordering effect that is much stronger than the dipolar ordering effect. As in several studies 11 15 NZVI particles have been shown to form aggregates reaching sizes of several micrometers and difficult to break up, it is evident that they must interact and thus that a SP model is not suitable to describe their magnetic behavior. In order to have also an experimental confirmation of this conclusion, however, the Langevin theory, used to describe paramagnetic and SP systems, was adopted to try and model the experimental data obtained from the room temperature magnetization measurements.
The data of the most representative sample with respect to average magnetic values was fitted with the Langevin function expressed as follows, under the hypothesis of a monodispersed system of spherical particles:
Where m is the magnetic moment measured by the AGFM, in emu; N is the total number of particles in the sample; a is the radius of the particles; T is room temperature; being the particles composed of iron and magnetite in not well defined proportions, the fitting was done by posing s = s (Fe) = 216 emu/g (as if particles were composed of metal iron only, = 7 9 g/cm 3 ), s = s (Fe 3 O 4 ) = 92 emu/g (as if they were made of only magnetite, = 5 2 g/cm 3 ) and s = s (Fe + Fe 3 O 4 ) = 183 emu/g (as if they were composed of 65% iron and 35% magnetite, as reported in the RNIP-10DS-10DS material safety data sheet provided by Toda Kogyo Corp., = 6 9 g/cm 3 ). The free parameters are here N and a. In order to be able to fit the measured data with a Langevin-type curve, it is necessary to neglect the hysteresis, annulling the coercivity. To do so, the two branches of the hysteresis loops were averaged. The results of the fittings with different values of s are reported in Table II The average diameter of non-aggregated RNIP-10DS particles is 40 nm, 15 16 therefore it is evident how the Langevin model underestimates the size of the particles by at least an order of magnitude. There are two possible explanations for this. The first is the one discussed above, in other words that the particles do not behave as superparamagnets or they would not interact and form aggregates, so the Langevin model is simply not adequate. Secondly, if sufficiently strong, inter-particle dipolar interaction may introduce a self averaging effect that results in a smaller size of the modeled particles. 32 33 However, underestimation in this case is too relevant and in any case, even according to this second explanation, the particles are hypothesized to interact. Since NZVI primary particles are expected to be SD, due to their size, and since the Langevin model has been proven not to be adequate, it is legitimate to assume another fine particle theory, such as the SW model, to be more suiting. In this case, the particle system should be, at room temperature, already blocked, in other words below the T B . This can be verified by performing zero field cooling and field cooling measurements.
According to the Stoner-Wohlfarth model, the ratio between r and s should not be lower than 0.5, assuming anisotropy axes randomly distributed in all directions of the solid angle, 22 while values obtained from magnetic measurements on RNIP-10DS are much lower: 0.16, 0.19, 0.13, according to our measurements, those of Toda Kogyo Corp. (from data supplied by provider) and Phenrat's, 15 respectively. In a Stoner-Wohlfarth type particle system, these low ratio values could be explained only in very ordered conditions, such as the alignment of particles magnetic moments in a direction perpendicular to that of the conditioning field, once it has been removed, or orientation of moments alternatively in parallel and anti-parallel direction with respect to the direction of the field. These highly ordered dispositions are not plausible for a real particle system, therefore the explanation for so low values of H c and r / s in a non superparamagnetic fine particle system can only be found in a multi-domain NZVI particle system. In a MD system r is reduced more easily than in a SD system since during domain formation the magnetic moment of each of them will be randomly oriented, while in a SD system the particles will tend to maintain the direction of magnetization even after field removal, and only thermal agitation will modify it, reducing r . On the basis of these observations the extended SW model was employed to discuss our experimental data and to keep into account the probable MD nature of the aggregates. A lognormal density function f K was chosen, and − → M was assumed equal to the experimental magnetization value. The hysteresis loop of the studied NZVI particles dispersed in water is reported in Figure 5 . The obtained value of r indicates that the agglomerates of particles are most likely to invert their magnetization by nucleating one or more domains with opposite magnetization, thus by DW displacement. This result is consistent with the observed size of the particle aggregates (that need to be fairly large to sustain the presence of magnetic domains) and proves them to have a collective magnetic behavior, rather than a behavior deriving from a simple superposition of the magnetic properties of the individual particles.
Interaction Model
Although the models describing SD magnetic behavior were shown not to be suitable to describe the measured features of the RNIP-10DS system, it is plausible to think that primary particles are SD and respond to a SW behavior, before aggregation occurs forming MD structures. Therefore the extended DLVO model was applied to the RNIP-10DS particle system by summing the Van der Waals (Eq. (3)), electrostatic (Eq. (4)) and magnetic (Eq. (6)) components, calculated using measured magnetization values, to obtain the total interaction potential (V tot ) and verify the effect of the magnetic term. In Figure 6 V tot is represented for an RNIP-10DS particle system in absence and in presence of magnetic interaction in the case of particles completely composed either of Fe 0 or of Fe 3 O 4 , or constituted of both in a percent composition of 65% Fe 0 and 35% Fe 3 O 4 , for which the experimental value of s (Table I ) and densities of 7.9 g/cm 3 , 5.2 g/cm 3 and 6.9 g/cm 3 , respectively, were used.. The other parameters used in the calculation were: A = 10 −19 J;
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= 100 nm; although no electrolyte was added to the suspension, a low ionic strength, 0.1 mM symmetric 1:1 electrolyte, was assumed; = −0 036 was calculated using the Smoluchowski equation, 18 based on the electrophoretic mobility measured at pH 10.4 by Tiraferri et al. (2007) for a 1 mM ionic strength, 3 assuming that it is practically the same as for a 0.1 mM ionic strength; = −0 337; = 3 3 · 10 7 m −1 ; the radius a of the particles was assumed to be 20 nm, since the magnetic interaction equation refers to the initial disaggregated state of the dispersion. 15 16 Dipolar magnetic attraction between particles, as evident from Figure 6 , at close distances is several time stronger than electrostatic repulsion, abating the energy barrier and allowing for particle aggregation; this is true to an extent that even after the submission of RNIP-10DS samples to sonication the magnetic properties are not affected (results not reported), evidencing the difficulty to break the interparticle bond of magnetic nature. This proves the importance of understanding thoroughly the behavior of NZVI particles in order to be able to find applicable solutions for their stabilization, indispensible for the preservation of their reactivity and high mobility, in view of their use for groundwater remediation.
The agglomerates which derive from the aggregation of SD NZVI particles due to magnetic interaction described in Eq. (6) may not be typical MD structures since the "domains" which constitute them could be not necessarily defined by conventional Bloch walls, but rather by the boundaries of groups of particles, so the magnetization processes would not be due to DW motion but to sudden jumps from one boundary to another. In a system constituted of this kind of structures, it is not possible to try and reduce interparticle interaction and aggregation by magnetic means, namely by submitting the RNIP-10DS to demagnetization cycles, since it would only have an apparent effect in r reduction, due to increased domain fragmentation, but would not influence s , which is intrinsic to the material, thus the strength of the interparticle interaction would not be reduced.
In order to reduce magnetic attraction between the iron nanoparticles with the aim of avoiding agglomeration, it is possible to identify, from Eq. (6), the variables susceptible to be changed, s and a. The increase of s has already been attempted by adding a bio-degradable polymer to the dispersion 3 8 which should coat the particles and add a strong steric repulsion term to the balance of interaction forces. The reduction of particle radius is considerable only in the NZVI synthesis phase, thus is of difficult accomplishment; it is however interesting to see how a 50% decrease in particle size, probably still belonging to the Stoner and Wohlfarth domain, according to the extended DLVO model would be sufficient to reduce the magnetic interaction forces to such an extent that the energy barrier would not be abated (Fig. 7) . In this case, aggregation would be avoided or at least made reversible, since dipolar interactions would no longer be much stronger than electrostatic repulsion forces. Furthermore, a size reduction would also reduce straining in porous media and increase reactivity.
The most effective solution for stabilization of NZVI suspensions probably involves both steric stabilization and size reduction. Due to the strength of interactions, recovering primary nanoparticles from aggregates from not freshly prepared dispersions is practically impossible. Thus attempting steric stabilization a posteriori is not as effective as it would be during synthesis phase. Adding a suitable biodegradable polymer to the dispersing solution in this phase would allow for coating the particles before aggregation occurred. In this way the polymer chains, extending outwards from the particles surface, would provide repulsive forces of steric nature with a length scale sufficient to outbalance magnetic attractive forces and avoid aggregation. 3 15 Nanometric size could in this case be preserved, assuring high SSA and reactivity, and a facilitated mobility in porous media, making the NZVI particles effective for groundwater remediation goals.
CONCLUSIONS AND PERSPECTIVES FOR THE FUTURE
In this study the magnetization curve and the main magnetic characteristics of RNIP-10DS dispersions was analyzed in order to classify the magnetic behavior of the nanoparticles system. Neither of the general models describing magnetic SD particles systems, the Langevin and the Stoner-Wohlfarth model, were found to be suitable for the measured magnetic properties of the dispersion, at least in their simple forms. This lead to the conclusion that, at measurement time, the particles were aggregated into MD structures. This is consistent with the micrometric sizes of nanoiron agglomerates in aged dispersions reported in previous studies. 8 11 16 30 In order to account for these mesoscopic structures, an extension of the SW model was applied to the measured hysteresis loop. It was found to effectively fit the experimental data when magnetization was not only attributed to reversible and irreversible rotation but also to nucleation and DW displacement. Aggregation of primary nanoparticles into such mesoscopic structures was shown to be due to the strength of magnetic interaction . Under the assumption of a simple head-to-tail dipole interaction, interparticle attractive force could be limited by reducing particle size or by using a biodegradable polymer able to introduce steric repulsion. 3 8 30 34 35 In this respect, it will be objective of the continuation of this study to assess possible differences in the cut coefficient r between bare and surface-modified iron nanoparticles. Hopefully this will lead to identify a greater tendency of magnetization to orient by nucleation, rather than by rotation, in the bare particles than in the coated ones, proving thus the role of steric repulsion in aggregation prevention or reduction. On the other hand, further investigations, including low temperature magnetic measurements will be performed to reach a better understanding of the complex aggregation structures observed in recent studies. 15 These suggest that interactions of magnetic nature more complicated than simple head-to-tail dipolar interaction may be present.
